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PHOTODETACHMENT STUDIES OF MOLECULAR NEGATIVE IONS
)

During the eight—month period of this grant, we have completed studies

of the photodetachment and photodissociation of 03 i  and obtained the 
1

electron affinity of 03t 2.1028 eV. The threshold photodetachment region

is characterized by a striking competition between photodissociation and

photodetachment. Based upon these data we propose a model for photo— -
-

dissociation of 03 which involves a symmetric transition state. A paper -

,

describing these results will be published in the Journal of Chemical

Physics in March 1979; a copy of this paper is included as Appendix A.

Project personnel during this period were W. C. Lineberger and -

Mr. P. L. Jones, a graduate student in the Department of Chemistry at the

University of Colorado.
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APPENDIX A

).1HI.’L ptl *% to%• 1 ~etrnn , photodeta ctut ent , ~tnd photndi ’st ruct ion spectra of 03

Stt~w~3t t. I~. Nov Lck l’aul C. En~~t~] k I Patrick L. ioncs , Jean U . Fut n i

and W . C. 1.1ncbeni~er~

b cpart taonl. of CIu’mistry, tInivcri~ity of Colorado and
Join t Institute for Laboratory A~;trophys icsU n iv e r s i t y  of Colorad o and Nation~il bureau of Standards
Buuldcr , Colorado 80309

(Received 29 AUgUSt  1978)

Abstract

Fixed frequency laser photoelectron spectrometry and variable frequency

laser photodetacbmcnt and photodestruction spectroscopy of the ozonide ion,

have been accomplished . The electron affinity of ozone is measured to

be EA(03) 2.1028(25) eV,in good agreement with previous measurements of

less accuracy. Progressions in the spectra are analyzed to yield the

tsyv~IIet :rie .  stretching frequency and the bending f requency of the ozonide

ion to be 982(30) cm~~ and 550(50) respectively. While no cvidence

is fo w d  for a long ]ive.d excited electronic state of O3~~ an excited

electronic state of neutral ozone is found roughly 0.7 - 1.1 eV above the

ground state. Models for the dissociation of 0
3 

are examined to explain

why the photoelectron and photodetachment spectra fail to - show a strong

progression in the symmetric bending vibrational mode. Attempts to measure

the electron affinity of C03 were unsuccessful. Limits placed by this

attempt and our EA (03) value are invoked in a discussion of 
some recent

disagreements in the literature on the thermochemistry of CO3~ and O3~~
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I. INTRODUCTION

Ozone and its negative ion play an important role in the chemistry of

the uppcr atmosphere.1 Consequently there has been a large investment of

experimental effort in the study of the thermochemistry and spectroscopy

of 03 and 03 . The kinetic measurements include the study of the reaction

03 + CO2 
-

~~ CO3 + 02 using a variable—temperature flowing afterglow

apparatus,
2 mass spectrometric studies of the reactions of neutral ozone

with a series of negative ions3 and threshold measurements for collision—

induced dissociation of 03 upon impact with various target gases.4 The

spectroscopic studies include measurement of the photodissociation Cross

sectio~i
5 7  (03 + hv -

~~ 
02 + 0), observations of excited states in

neutral ozone near the dissociation limit using electron energy loss

spectroscopy 8 and measurement of the photodetachment of 03 (03 + hv -‘-

03 + e) using drift tube techniques and a ser~Les of colored filters.
9’10

The present study consists of two independent crossed ion beam—laser

beam photodetachment experiments on 03 . In the first experiment (laser

pho toelectron spectro metry) a fixed frequency Ar+ laser beam is crossed with

a mass selected beam of 03 and the resulting photodetached electrons are

energy analyzed with a resolution of approximately 60 tneV (480 cm~~).

In the second experiment (tunable laser photodetachinent) the beam from a

tunable cw jet stream dye laser with a resolution of between 1—10 cm~~

(0.1 — 1,2 meV) is crossed with the mass selected 03 ion beam. Two

different neutral particles ean be produced , 03 resulting from photodetachment,

and 02 resulting from photodissociation. Both 03 and 02 are detected

together, providing a measurement of total photodes truc tion cross section ,

as a function of laser frequency . The photodetached electrons are also

counted (but not energy analyzed) as a function of tho frequency of the laser ,

resulting in a measurement of the threshold photodetachment cross section .
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Our In i t ia l  mot ivation for the study of the photodetac hmcnt of 03

was to provide an accurate valt~ for the electron affinity of ozone. This

was deemed necessary because or the significant differences among the

thermochemical data generated by some of the kinetic ind spectroscopic

studies. The value of the electron affinity of ozone has been

used to complete thermochemical cycles to deduce, for example , the

dissociation energy of 03 $  D0(02—O 
) values of which vary between an

uppc r limit of 1.3 eV and lower limit of 1.6 eV.
2’5 The collision induced

dissociation experiments4 determine this energy to be 1.8 ± 0.1 eV. Prior

to this study, the most definitive determination of the electron affinity

of ozone was given by the onset of 03 photodetachment in a drift tube

with a broadband light source, resulting
9 in EA(03) 1.99 ± 0.1 eV.

I
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II. EXPERIMENTAL

A. Laser photoelectron spectrometry

The fixed f requency photodetachme nt apparatus has been described

previously. ’1 Oione, evolving from a cooled (—77°C) silica gel surface, is

in a. low pressure (I. Torr) electrical discharge ion source to produce beams of 03

03 + e 
-

~ 0 + 02 followed by O~ + 03 -‘ 03 + 0 is the like ly ion production

scheme. The ions are extracted from the souree , accelerated to 680 eV , and

mass analyz ed by an ~xB (Wien) filter. Beams of 03 of 10—100 nA

are crossed in a field free interaction region by the intracavity beam of

a cv Ar+ laser , and the elec t rons  ejected into the acceptance angle. of a

hemispherical elçctrostatic energy selector are energy analyzed with a

resolution of 60 meV FWB14. At this resolution the many rotational components

of a single vibronic t ransi t ion are smoothed to a nearly Gaussian peak shape.

The Ar+ laser is operated on a single line (with the ion beam inside the

laser cavity) at either 4880~~ (2.540 eV) or in the UV at 3638 ~ (3.407 cV).

A reflective beam expander is used intracavity to match the laser beam to

the ion beam. Single line operation in the visible is achieved with the

usual Littrow prism. Wavelength selective reflective coatings are used

for single line uv operation. The single line performance is checked with

a spectrometer and by insuring that the photoelectron spectrum of 0

consists of a single peak. Circulating powers are —200 W in the visible and

‘-10 W in the ultraviolet.

The spectra are “self calibrated” in that along with photodetachment, -

‘

photodissociation occurs; 03 + hv -
~ 
02 + 0 followed by photodetachment

of the oxide ion, 0~ + hv ~ 0 + e , results in a substantial 0 photodetachment

signal when 03 is irradiated. The effective (weighted average of the fine

8Li~ucture components) electron affinity of atomic oxygen is known precisely,
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E.A.(O) — 1.465 eV.12 The absolute detachment energies 01 peaks in the spectra

are dctermined by E E.A.(O)+l.O44(%... _ tl
x...
) who re (~~~—~~~

) is the laboratory

energy difference between the O~ peak center and a parLicular X peak center.

The factor 1.044 is an energy scale compression factor calculated by calibrating

an 02 photodetiichnient spectrLun (also conveniently produced by the burning of

3 1
ozone under Identical source conditions) against the known 02 E(v—l), t~( v— 1)

splitting .13 The usual kinetic shift correction tenn~~ is not present in

the above expression because the velocity of 03 and of the 0 resulting

from photodissociation are essentially identical. In both this apparatus and

the tunable ]aser apparatus , approximately 30 ~sec elapse between ion formation

and interaction w i t h  the la~ier beam.

B. Tunable laser photodetachmen’

The tunable laser photodetachment apparatus has also been described

elsewhere.’4 This apparatus is capable of simultaneous detection of both

the electrons and the neutral products of photodetachment and photodissociation.

03 is produced as in part A and mass selected through a 900 sector

magnet. Beams of 03 of approximately 10 nA and an energy of 1000 eV

are crossed with the intracavity radiation of an Ar+ pumped cv Jet stream

dye laser using either Rhodamine 6C or Rhodamine 110 as the lasing medium.

The dye laser is used intracavity by replacing the 3% transmitting flat

output mirror with a >99,5% reflective one meter radius of curvature back

mirror to extend the length of the laser cavity by one meter. The ion and

laser beams cross at 90 in an interaction region which consists of

cylindrical block machined from a single piece of molybdenum (to avoid

spurious electric fields) with appropriate aperture holes for the beams

and for the draw out of photodetached electrons. While complete energy

analysis of the detached electrons is not attempted , it is possible and

advantageous to discriminate between fast and slow (<100 meV) electrons.

_ _  - ---- ~~- —- . - — -  -~~~~~~~~~~ - - -
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By choosi ng to observe only slow electrons , threshold features in the

photodetachment cross section c~w be observed with an enhanced s i g n a l — t o —

noise r~ I. in. Such fea tures r c~ult from the opening of a new channel

generating slow ólectrons at or near threshold for that channel . l~y

observing primarily the slow electrons , these thresholds can be ob6vrved

without be ing swamped by the fast electrons from t he  sum ot all t h e

previously opened channels. This selection is accomplished by supp lying

a very weak extraction field (—1 V/rn) which will extract slow elet I rons

from the interaction region while fast electrons are largely unat feeted Liv

the field and primarily strike the walls ot the  iifl e~~act  ton region w~ ei e

they are absorbed by the gold—blacked surface ot  th e  molybdenum cy l tnd t ’r .

Along with photodetachrnent, photodissoclat ion of 0
3 

to pr oduce  m o l e c u l a r

oxygen and the atomic negative Ion may occur. All the heavy p a r t i c l e s , the

negative ions 0
3 

and 0 and the neutrals 0
3 
and 0)~ tr~~’el through t he

interaction region to a heavy—parti cle separator wh ich  cons is t s  ot  v a r iou s

electrostatic deflection plates as described in R e f .  li’a. The u Jc t te~- t e d

neutral molecules (with typical kinetic ener gy of 700—1000 cV) are dct e’ct~~d

by secondary electron emission using a continuous—dynode e l e c t  ion  m u l t  ~‘1 icr

The neutral detection scheme thus does not d i f f e r e n t i a t e  between pho t odetachnent

and photod issoclation but measures thei r sum, t h e  photodt-’st ruc t ion cross

-: section. The negat ive ton flux , comple tely dominated by unaffected 0~
’, is

deflected by the heavy—pa r t ic le  separator into a Faraday cup.

The electron channeltron , the neutral molecule electron multip lier .

and the negative ion Faraday cup are all interlaced to a PIW—8E computer.

The computer also monitors the laser f lux , controls the tunable laser

frequency , and makes appropriate background corrections to the ~1e t e~’ted

signal levels.

S
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III. RESULTS

A. Laser photoelect ron spectra

Figure 1 shows the 03 photoelectron spectrum obtained w i t h  ~200

circulating watts of 2.540 eV photons, and Fig. 2 that obtained with

-40 circulating watts of 3.407 eV photons. The spacing of the main

progressions in the figures are indicative of the v~ symmetric stretch in

the neutral and negative ion. In the figures we use the notation

to represent 03 (v1 — a, 0, 0) -~~ 03
(v
1 b 0, 0) and 2~ to represent

0
3 (0. v2 a, 0) -~~ 03(01 v2 b, 0). By fitting Gaussian peak shapes to

the observed spectra we find the splitting between the peaks labeled

and 0—0 is 1090(30) cin 1 and the splitting between the peaks 0—0 and

is 1040(60) cin~~. Since the ‘
~~~ 

sysm~etric stretching frequency in neutral

ozone is known to be 1.103 cm 1 from infrared spectra15’16 we can make the

tentative identification that the peak labeled. 0—0 is in fact the

03 (v1—0,v2~0,v3~’0) 4- 03(v1=0,v2~O,vf0)

transition. This identification and the electron kinetic energy at peak

center give the electron affinity of ozone to he 2.124(30) eV uncorrected

for rotational effects ; upon incorporation of rotational corrections , we

obtain EA(03) 2.103(20) eV (see next section; there we

also give a more precise value of the electron affinity deduced from the

tunable laser experiments). The progression on the low electron energy

side of the 0—0 peak is identified as the progression in V
1 
of 0.~, and the

peaks to the high electron energy side of the 0—0 peak are the progression

and their associated sequence bands in the synusetric stretch of 03

(hot bands) with a frequency v1(03 ) 1040(60) cm~~. Matrix17 and

crystal
18’19 studies place this number between 1012 and 1032 cm~~.

- - 

-
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W h i l e  the gas d~ schargc ion source produces ions in an unknown d i s t r i b u t i o n

of initial vibr3Lional states , peaks in the ph ot oclcctron spectra can

frequently be recognized as arising from hot bands if they vary re la t ive

to other peaks as ion source operating conditions arc charged . This

procedure is only qualitative; the most effective step is to vary the

ion vibra . lanai “temperature” by changing the potential which extracts the

ions from t he high pressure source into the “collision free” part of the

beam machine . The assignment of the transitions labelled i?, 1~~, and

as arising from excited vibrational levels was confirmed by altering the

ion beam vibrational “temperature” by large changes in this extraction voltage .

It was possible to vary the beam temperature in this way from approximately

1000 to 600 K and to observe the change In the relative intensity of the

hot bands with respect to the 0—0 , l~, l~ , l~ peaks, the progression in

v1 of neutral ozone.

The asyuinetric stretch, v3, transforms as the irreducible representation

B2 of group C2,, and as such only transitions of zero or an even number o

quanta have nonzero Franck—Condon overlaps. Furthermore as long as both

03 and 03 have symmetry C2,, the intensity for Av3 ±2, ±4... will be very

small with respect to the intensity of ~v3 0, even for the case where

there is a sizeable displacement in the equilibrium bond lengths of the

neutral and the negative ion. This is because the potential minimum occurs

at the same value of the normal coordinate (namely zero) for both the 
- .

neutral and the ion (see Ref. 20, pp. 151—153). The net effect of all this

— is that a progression in v
3 
should not be present in the photoelectron spectra .

It ehould be noted that the photoelectron spectra show no evidence of

a progression in v2, the symmet ric bend. There is no group theoretic reason 

~~~~~~~~~~~ - =—a~~ ~_. — !~~-- - - ~~~ - ~~~~~~ 4~~•_~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J . .  --
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fo r t hi , .:ntl Indeed the phat oc Icc i ron spect rum of the  re la t~ 
-
~~ n -g:i i ye

ion SO2 very clear ly shows a progression in both v
1 and 

~2•
u1b 

~~~

exp lana t ion  for  the lack ot a v , pre~ rcssion in the speL-tra will be sought

in the d yn:ir~1 es of the p otodetac hmen t /photodfssoc f a t  ion process for 0
3

in a later section.

Figure 2 shows an unass i ~ -~i sci I L ~S of peaks; at. e l e c t i o n k i n e t i c

energy of bet wet -n 0 .5 and 0. ~ t V  - Tht -~.~ peaks  correspond to a new

ci e~ t rt -n Ic s t~~tc of nt -a tr a  o.~ m~- , a ~t ate th 5 t i  most probab l y  is not

opt icil lv a-ee~ sible 1r ~~-~ the ~~oun d ~;t - itc of ~~ane . We t~~~~~~ot  assign the

0—0 band and so cani u~ e a i~~~t -c d&- I in t ~- t-ne rgv ass i gnmt-n t . It appears

that this state i s  perhaps 0.7 e 1. 1 eV (6000— ~~~ cm I ) above the ground

~ t at e .  (Tu e 1 owe st known ~xc it -d t ftc t rea si ~it of ozone is 10,000 cm 
1

above the A s t a t  - .) Recent cal cul at ions Sugge:;t t hat a s y m m e t r i c al

state of neutral ozone (I ~~
) m I ght  l i e  at or about this en er g y .

Tn ~ It I s La t -~~ ai~-o lie In this reg iou • and might be re~ pons fbl c for

the progression.

The l a s t  f e a t u re of t i m e  photoe l e c t r o n  s p e ct r a  t h a t  requi res  cxp l ; iu t t  ion

is the  s ing le sharp  peak of F ig .  I at  an electron kinetic energY of 1.07  - - V.

As was briefly discussed in the t-x~er1mcntal sect ion t h i s  is the s ing le  peak

of the phot ot - lee  t ro~1 sp r et  rum s f the  ne~at i ye Ion of atomic oxygen. The

int ensity of this peak i~ quadratIc In the laser I lu x , i n d i c at  i ng t h a t  t w o

photons are required. The processes involved are photodissociation of the

ozon ide ion

+ he  -
~ 
02 

+ 0~

followed by photodetachnent of t h e  oxide ion

0 + 1w -
~~ 0 + e

— 9
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Because of our lack of knowledge of the  detailed geom et ry  of the laser

beam—ton beam overlap we cannot use Lhe i n t ens i t y  in fo rmat ion  to ex t rac t

relative photodlssociation/photodetachment cross sections for O3~~ 
It is

d e nt however , that for 2.540 eV phot ons that the cross section for

p h o t o di sso c ia t io n  is much large r than that fo r  ph o to d et a c hn w n t .  Th i s

result has been pointed out by other authors .
5

The cross section for photodetaclirnent of 0 in this photon energy

range is known to he 6 x io~~8 
cm

2
. 
25 By comparing the intensity of 0~

detachment from a mass sc1ec~ted 0 be am (not from photodissociated -~~~)

to the integrated intensity of the 0
3 

detachment signal we can deduce

that the cross section for phot odelacl imen t of 0
3 

wi th  2.540 eV photons is

—18 2about lxlO cm

We also made an unsuccessful attempt to measure the electron affInity

• of CO
3 
by photoelectron spectroscopy of CO

3 
prcpared from either pure

CO2 or from a mixture of CO2 and 0
3 

in Lime ~JuLce . In the l a t t e r  case no

photodetached electrons could be detected , implying either that the cross

section for photodetachmcn t with 3.407 eV photons Is less tI~an io 20 
cm
2

or that EA(C0
3
) > 3.1 eV (there Is a low energy cutoff for electrons in our

energy anal yzer ) .  While this  cross section bound is smaller than mi ght be

expec ted, it Is not inconsistent with the drift tube studies of Hong et a l .  
26

who reported EA(C03
) 2.7 eV. We were not able to prepare large enough

beams of CO
3 

when only CO2 was introduced into the source to attempt the

measurement.

- S
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11. Tunable  i a s t -r photo detac iun ent

The lower curve of Fig. 1 shows the  tunabl e  laser photod et achment

sp ec trum of 0
3 

In  the  region tha t  includes the transitions l~ , 0—0, and

as the’ st rong eam~lly identifiabl e thresholds In the photodetachmnent

sL~octrum.

As mont I ont’d In the cxpt’rlmenttil sect ion  • ti me ’ f a st  e lect  runs are

d i o c r i n m t n t m t e-d a g a i n s t , w i t h  the  r e s u l t  that he t l i r i - s i m o l cj  f~~~t u i e -s of

he spec I rum ai- e- eni~ inc t .d . A s econd  consequence ’ is that tim ! s procedure

gives a somewhat di to Ft  e’eI v i ew of the pimo t ode t nehmeiit c ross s ect i o n .  Tb Is

d ta tort ion Is by and I a rgt~ an ar t  t i l e  I a I I  y f l a t  t e’nod out appenr anct ~ beyond

about ~i() -m above a e-imm um n c I opt-n I mig . in  m e -a I I t y t h e  e ross see t I on

Cliii t I l i t l i ’5 to r Isa’ ge-mi t Iv in I hi s re-g ton nut ii a new channel opens at

wimi cl~ po tn t  , I t. 8 H t ronf; I t - a t  U 1 0  • t i m e  c m o s s  ii cc t ton ab r u p t l y  r I sen In

the nmimnne r shown in the I I gem re’ lo r the’ t ramis it Ions 0—0 and I -

Unl ik e  the phot no let - t i  eu t .p t-  01 m L i m I t  wi t I c - l i  has peak s cot responding  to the

poal tions of trans it Ion s b etw e en ti m e state-s of t he ’ negat ive  ion and the

ime ut  ro 1 • t i m e  phot edi t aehment c m o s s  s e - ct  ion shows tiure~ho lda at c-a oh new

channe l opening . WI gut ’ r has shown that time ’ thre ’shol d energy depencionc’e

of he. e ross sect I tin Is ~ f min e l i on  on l y  m ’ f the icing range forces . This

leads t ci the i-emna i-kmmhl y a I nip I t -  lorni

0(E) u (E o)~
2
~~~~

2

when the onl y Importan t long range fore-c is l i i i ’  cen t r i fuga l bar r ie r  te~

detachment. Here Q- is time ’ angular momentum quantum number of the

leaving elec t ron and (E—E
0
) is tim c’ photon energy minus time’ transition

ene rgy (the kineti c energy of t h e ’ detached electron) . Brauman and

28
coworkers have adapt ed  this m enu ] I to phot oth-t achn iout  from polyatomic

~~~~~~~~~~~~~~~~ ~~~~~~ 
-

~~ L~~I:;1T ~T2=: ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ L1



f.

—12—

molecules by d e r i v i n g  group t heo re t i c  rules  for  p r e d i c t i n g  the lowest

allowed value of £ based on the i r reducible  representation of the highest

occupied molecular orbital (HOMO) of the negative ion. Assuming that time

H~ ’t) of the nega t ive ion is the lowest unoccupied molecular orbital of the

neu tral ( the b
1 
~~ orbital), the lowest allowed value for 2. is determined

to be 0 by Braum~-in ’s rules. Therefore the detachment partial cross section

at a new rovibronic threshold is given by a ~ (E_E 0
)~~

2
, s1~arp s wave

detachment. For electrons detached from dipolar neutral cores the electron—

dipole interaction gives rise to a long range  pote-~tial of the focin

i~e c os O  r 2
, where ii is the dipole moment of the neutral core , a potential

of the same range as the c e nt r i f u g a l  p o t e n t i a l .  This d ipo la r  term can

lead to the “sharpening” of the threshold law to somewhere between an

(E—F~)
0 

and an (E—E 0)
”2 dependence , as is apparently the case for 0H

photodct achnient rotational thresholds.
29 

For the present case of 03

detachmen t it is believed tha t 11w ozone dipole m oment
30 

of 0 .53 3 7  D is

too small to affect the form of the threshold law and we assume an (I~_E
0) 1~’2

threshold dependence for an individual rovibronic transition.

We model a vibrational channel opening in the photodetachment spectra

by assuming a cross section of the form

o (E) ~ (E_E~)
’12

where the sums is over all allowed asymmetric top rotational transitions .

The electronic state of neutral ozone is of vibronic symmetry A
1 

and

that  of the negative ion
5 
is 13~ ; knowing th is allows us to classify the

individual rovibronic levels according to their irreducible representations .

For C2 molec u les with all nuclear spins zero , rovibronic levels labeled A1

I
- 4

_ _ _ _
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or A 2 ha ve a s I a I 1st to . i t  wc’ I ghm t o I ,inc wit lIe ’ I heimi c I aimi~ led or 112 have’ a

stat Let teal we I gu t  cml ~e’rci ,
20 in order tel calculat e’ the rotat tonal constants

of t h e  cm~ontd e io~ we t mm ku the known ave raged bon d I t’imgt he and angi S’s for th e

grotrnd vtbra t Ion.m t stal e of neutral u one (r — 1 ,?792 A , ~ • 116. 77~)31 ~12

and assume t or the m i t - g a l  ly e  ion that r (0 ~ ) — r (U . ) + 0. 10 A and u (O~ ) —

ci 3 ci .1 o ~
— 3,6..

31 The result of the  c~~l c u t a t e d  mode l lug of the vIbrational

channe l opening I s  t h at time’ sima rp s—wave ’ et~- t aclun m en t is considerably Smimoot lied

out , In  goem d ~m g m . - t~nicim I v-i I i i  I hut ’ sh ape’s see-fl In Fl g. I, and for mwga t I ye’ Ion

temnperat ores (—- 1000 K) t ~‘pi cnl of ~ ~r ton n~l1mrct! the’ appa i- t ’n t t’hunue’ 1 onset

is appr oxIm a te ly 10 em~~ below ti m e true band origin. We therefore add

10 cni~
1 

to ~ m chi assigned ft-at cure In  t h e  ph eit cid~ t achmnie -ut spectra to heat

approxIu ~i te Its t rue origin . 
-

Sim ilar ly, here Is a rotcm t I ona I cc ’ rr~-~- t Ion t o  t li t ’ photee lee I Enm i

spec’ t r a peak co n Ic -  i-s 1 o eli tat ii mm he’ Li I me ’ sul t In r t l i t ’ hand origin. Time

effect Is large r in tIm is cdse S I mmc c’ Wi - must unt ave-i a peak c t-u I or (high .1)

ra ther than an onset (low .1). Us i ng t h e  saute gt’cmnmet ry  estimate for o 88

before and a ten~,eraturs o~ lOOtfK , this rot at ionmi] correct ton to the

photoelectron shows th at  the origin ot a peak is approx imate ly  170 cnm~~

to th. high electron energy side of the peak center. Thus from the

photoelectron spec t ra the electron a f f i n i t y  c’t t oz one is 2. 103(20) eV

(16962( 160) cni~ ) .  This procedure c o n f i r ms  our ass ignmen t of the

pho todut ach nwnt thre shold at 16950 emil 1 as an origin at 16960(20)

the 0—0 band or igin , giving EA (0
3
) ~,l028(25) eV. This is our recommend ed

value for the electron a f f i n i t y  of ogone, FIg ure 6 shows a h igh resolution

sca n of this 0—0 t r a n si t I o n  In t i t e ’  p imotode t aehment  spectrum .

The lower cner~y threshold at lSt)ih4 (20) c~l~ Is the l~ t ransition ,

while the thriahold at 18057(20) cm’
~ Is the 1~ t r an s i t i o n . We hea ve

. - - - -

~

- - - 
- - -

.-

- ~~~~~~~~~~ ~~~~ ~~~~~~~~~~. — ~~~ ~~~~
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therefore det ermin ed f rom the p ho to deta chm en t sped rum that v1 (03) 
. l100( 10) cm ~~.

The photoelectron derived value for  th i s  frequenc y is v 1(0 3) 1090(30)

This number Is, of cou rse , precisely  knom~’u from Infrared spectra to be

1103.15 ~nl
1 1J 5 16; this last result also confinns our peak identification .

The symmetric s t r e t ch ing  frequency of the n ega t ive  Ion from the ph otod etachment

spectrimi is 982(30) cm 1 which Is our recommended va]ue for this constant.

The photoelectron value for this number is 1040(60) Cal’. Errors in the

photodetachment spectrum analysis include an inab ility to pick out reliably

the rather gentle- threshold to hotter than  l~ cm~
1 , and failures in the

rotational modeling of t he  threshold. in the photoelectron spectra the

- - - major sources of error are t h e  e- .mlibr atlon of the electron energy a n a ly z e r

and the modeling of the rotational correction.

The lover curve of Fig. 3 also shows a relatively weak sequence 0—0 ,

1~ , l~ and perhaps some h ig h e r  members which  w - have refrained from assigning .

The existence of this sequence serves as a further check on the assignment

but yields essentially no new information . There should also be a sequence

following l~ of Fig. 3. Howevet- the quality of the data in this green end

of the spectrum is rather poor due to low laser power and we have made no

attempt to assign this sequence. Table I lists all the assignments from

either the pho t ode ta chment or the photodestruction data to be discussed in

the next section.

The photoelectron spectra, it will be recalled , show no progression

at all in v2, whereas harmonic osci l l a to r  Franek—Condon analysis of the V
2

progression (and the SO2 spectrum previously mentioned) suggest that the v2
progression should be a]most as strong as the v1 progress ion , and clearly

seen in the data. Knowing the 03 neutral symmetric vibration frequencies

from infrared data and 03 st re t chin g frequency , we felt confident that

____ _______________________ 

f
- ~ ‘--~~~~~~~~-“~~~~~--— --— - - ‘~~
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the thresh old would be relativ ely isolated and detectable ~701 cm~~

above the 0—0 threshold.

The p%motodctachment cross section of Fig. 3 shows only a very weak

threshold which Is assignable as that belonging to 2~ -- one bending quanta

of 0
3 

neutral following detachment . The resulting symmetric bending

frequency for 0
3 

neutral is 720(40) ciml
1 compared with the accurate

infrared value of 700.96. 
lS ,3~ As can be seen front Fig. 3 the threshold

f or 2~ is approximately 20 to 1.00 times less intense titan the analogous

feature in t im i - symmetric stretch , 1~~, con t rary to expectations .

An anomalous weakness in i,hutodetachment transitions involving 
~
‘2 

of

the negative ion also occurs . Fi gure 5 shows the ptm ot odet achm ent  spect rum

be tween the 1~ and 0—0 threshol ds taken at very low extraction potential

(the neutral channel is independent of this parameter). Based on time

observed intensity of the 1? transition (taking into account any other

transitions, e.g. which mi ght contribute) the threshold from 2~ should

be clearly observable , but Is at most barely detectable.

Raman spec tra of M+0
3 

(where M~~Li , Na , K , Rb , and Cs) in an argon

matrix give the symm etric stretch of the ozonide Ion to be 1012—1026 cm 1

depending on the identi ty of the alkali metal .17 
Sing le crystal Raman

spectra of y— irrsdiatcd KCtO
3 

and NaCiO3 show v
1
(0
3
’ ) to he between

1012 cul1 and 1032 cm~~ where th~ spread is de penden t on site ef fec ts

in the cry stal. 18 ’19 
In all cases these numbers are slightly greater

than our free ion value for v
1
(0
3
). We therefore expect that v

2
(0
3
)

should be somewhat less than the matrix value s of 587—619 cm” but s t i l l

within approximately 100 cm”1 of these numbers.

— Even though v2(03 ) thresholds appear to be very weak, the strongest

threshold which appea rs in the region roughl y 600 cm~~ below the 0—0

— — —-
~~~~

-
~~ ~~~~
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threshol d should be 2?. We thus assign the threshold in the photodetachmcnt

spect r tsn of Fig. 5 as that belonging to 2?. The threshold has been chosen

by determining the position at which the slope of the photodetachment cross

section breaks. The feature assigned as 2? gives a frequency of v2(03 ) as

550(50) cm~
4 . The vibrational informat ion on 03 and 03 is summarized in

Table II.

Coaby et al.
5 have performed a tunable laser photodissocia tion

experiment on 03 which shows considerable structure in the cross section

for dissociation. They interpret this to mean that the 03 
is dissociating

from vibrational levels of a quasihound excited electronic state. They

present t~io alternative assignments for the vibrational frequencies for

the groun d electronic state of 03
” : 1, ‘v1(03 ) 790(50) cm 1

,

- 
- v2(03

) 419(20) cm”~ , and Ii, v1(03 ) 930(50) cm’~~, v2(03 ) 403(20) cm~~.

Neither of these assignments is obviously consistent with our values

982(30) cm’~ and 550(50) cin’
~~ for these freq uenc ies. t

I
s

’

I
I

- ;
- L - ~--.~—-—-- - ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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C. Tunable laser ~thøtt~d~’sti - uct ton

The upper curve of FIg. 3 shows the photodestruction cross section as

a function of photon frequency. The relative scales of the photodes truc t ion

and the photodetachnwnt cross sections are obtained from the absolute counts

of neutrals and electrons . The scaling is based on an approximate determination

of the relative effici ency of the two detectors and is only accurate t o  wtth in

a factor of 3. It is clear , however , that the totnl photodestruc t ion cross

section is at least an order of magn itude greater than  the jthotodetzmchment

cross section .

The data of Fig. 3 point  out one thing imnm e d iate l  , namely  t hat

features  which show up strongl y in phot odetachmcnt  have at most only a

minor e f f e c t  on photod estruc -t ion .  Thus the ph ot odes t ruct ion  cross ~cct  ion

is a measure of the phot odissociat ion of 03 into 0 ) ( 3 E g
’” ) and Ci( 2P ) ,  the

energy allowed channel. This dominance is cons is tent  w i t i m  the ph o t o d c s t r u c t i o n

measurements of Cosby et al. The sii.~pe of our photodestruction t ’ t -os~.

section agree s well with tha t of Cosby at al..
5 

if the less therm al ly

relaxed nature of our Ions Is taken into account .

Strong photodetachment thresholds make little impact upon the  total

phorodestruction cross section. The magnitude of the total pimotodetnchment cross

section suggests that the 2~ (n � 1) photodetachment thresholds are anomalously

weak, rather than the 1~ being strong. To seek an explanation of this observation

we have drawn vertical lines, 2~ , 2~ , on Fig. 3 not associated with any threshold ,

but rather at th. spectroscopically known energies above the now knowm~ 0-0

threshold. We note that at both of these locations (the ~nl~ plac es in Fig. 3

where there are spectroscopically known ? thresholds) there is an apparent

threshold, i.e., a change in s1opo , in the p~hotodestruct !on cross section.

This observation suggests that bend ing migh t pr omote d i s s o c i a t i on  when

events are expected to produce 03 
(v 1,v2#0,v3) + e.

~~

~~~~~~~~~~~~~ — - ~.~~~--—.—.~~~:-
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IV. DISCUSSION

A. Elect ron ~ f f i n  t r y  of ozoime ~nd I ts th ermoch emi ca l  im p l i c a t i o n s

Various stud ies have been und er t ake n in the past to measure the

electron affinity of ozone. These studies jnclude photodctachment with

9 io 34
filtered light , ‘ collisional ionization experiments , an indirect

measurement by collisional bond dissociation ,
4 
a crystal lattice energy

calculation ,
35 

and a C.I. l evel calculation of the vertical electron affinity.
36

Fur ther , reactive thermochemical equi l ibriunm studies carried out in a variable

tenmperaturc flowing afterglow ,
2 
and endothermic charge transfer experiments

3’ ’1

lead to lower limit estimates of EA(01). These values range from 1.82 eV

(a lower limit) to 2.26 eV (also a lower liiuit). Our value of EA(03)

2.1028(25) Is consistent with most of the previous studies ,

but more accurate. These d a t a  are summar i ~zv d in Table  I l l .

We cannot clear up the  thermochemical  incons is t enc ies  noted in the

in t roduct ion  but we can use our new value of the EA (0
3
) to elimi nate

one of the previou sly imprecise 1npm~ts to the cycles. As an example ,

we recalculate the electron affinity of CO3 using both the

9
data of the f lowing af terglow experiments and tha t  of the photodi ssocla tion

spect r oscopy of co
3

” , 38 The electron affinity of CO
3 

can be calculated

wi th  the fo rmui a

EA (C0
3

) — +D(C02— O )  — D(C0 2 -O) + EA(o)

where the dissociation energy of CO3 to CO2 + 0 is known to be

0.46( 17) eV and the  electron affinity of oxygen is 1.462(3) eV.
12

The flowing afterglow expe~ inments indicate that

D(C0
2
—O )  — D(0

2—
O )  � 0.58 eV .

t

- 
__ L
~i 

•

‘

•
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Using

D(0
2
- 0)  — EA(0 3

) + D(0
2
-0) - E.%(O)

where the dissocia t ion of 03 to 02 + 0 is know n to be 1.05(2) eV ,40we

employ the f lowing afterglow results to predict

EA(C0 3
) � 0.58 eV + EA(0

3
) + D(O 2 -O) - D(C02-O) .

Thus EA(C03
) � 3.27(17) or rigorously 3.08 eV for a t rue lower l i m i t .

The photodtssociation experiments38 measure 1.85 eV to be an upper limit to

the dissociation energy of CO
3 

to CO
2 

+ 0 • The f i r s t  of our

therumoehemnical forrmulae gives

EA (c03
) ~ 1.85 eV — D(CO.,—O) + EA(O)

or EA (c03
) < 2.85(17) or rigorously 3.02 eV for  a t rue  upper l imi t .  It

should be noted that - in both determinations of the electron a f x T .inity of

c0
3 the major source of error is in the dissociat ion energy of neutra l

CO3 and that  to obtain the rigorous bounds the error of this measurement

had to be subtracted in the f irst case and added in the second. Since

there is only one true value for  this dissociation the disagreement between

the two determinations of EA(C0 3
) is the large value 0.42 eV and not

the difference of the rigorous hounds. Obviously at least one of these

numbers is incorrect. Collision induced dissociation studies on C03~ 
by

Tiernan and coworkers52 indicate D(C02-0) — 2.5 eV and speculate that

the studies of Moseley et al.38 relate to an excited state of C03~. This

possibility is not confirmed by studies of the SRI group.
38

i
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B. Tht- S—ructurc of 03

It is possible to extract structural information on 03 from the

Franck—Condon intensity progression of the symmetr ic  s t retch displayed

in Fig. 2. Tn the Franck—Condon approximation the vibrational band intensity

is given by the square of ti me over lap  in tegral ,

F(v
1

1 , v2
1 , v3

’, ~
- v1, v2 ,  v3 )

IJJ~1 ~Qi ’~~~ ~~2~~~ v3 ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where the unprimed variables represent 0 and the primed variables represent

03. The vibrational wavefunctions are func t ions  of the normal coordinates

Q
1 

where i 1,2,3 are the symmetric stretch (A1 under C2~ ), symmetric

bend (A
1) and asymmetric stretch (B2). The mii ’s are one dimensional

harmonic oscillator functions and the integral is arbitrarily taken over

the 03 
coordinates. Duschinsky41 first showed that the Q’ can be

expressed in terms of the Q by the expression

9’ = 3 9 + K

where J is (usually) an orthogonal matrix and is block diagonalized by

irreducible representations and the K vector has non—zero elements only

for totally symme tric modes. This means that our overlap integral

factors into a two dimensional Integral over Q1 and Q
2 

times a one

dimensional integral over Q
3
. Botter and Rosenstock

42 have shown that

the matrix and the vector K can be expressed as

3’. L ’ 1 Z L  and

K — L ’ 1
R

_ _ _ _ _ _ _ _  
- 
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where Z and H are func t ions  only of the geometries of the molecule in the primed

and the unprinied s ta tes  and L and I. ’ .ire the standard L matrices of normal

mode analysis that connect symmetry and normal coordinates. 43 Batter and

Roscnstock42 explicitly present Z and R for the case of C2,,, symmetry.

This , plus standard normal mode analysis ,
43 is all we require to

calculate the overlap integrals F(v~ 1 O 1 O4- O~ O~ O) under the harmonic

oscillator approx imation.  We assume that the stretching force constant

of 03 is 3.8 mdyne/A and that  the harmonic frequencies of 03 are

~~~~~ = 600 cm 1, w3 800 cm~~ .~~
7 ’44 These values are

only approximations of the harmonic frequencies since we have measured

the fundamental frequencies v 1 and v 2 hu t  have no Informat ion on the

anharinonic constants; is taken from the matrix work . This does not

in fact much matter  since , as in one d imensional Franek—Condon analysis,

the overlap integrals are only weakly influenced by force constants and

strongly by geometry differences (here ~T is not very important , but K is

and K is only a function of neutral  03 norma l mode analysis and the

geometries of 03 and 03 ). For 03 we take re = 1.2717 A , u = bond

angle — 116.78°, stretching force constant — 6.163 mdyne/~ , stretch—stretch

interaction cons t ant 1.602 mdyne/A , angle bending force constant = 2.102

mdyne/A , and bend—stretch interaction constant = 0.511 mdyne. In the 03 
:

calculation the last three force constants are determined by the three

assumed harmonic frequencies.

The two dimensional Franek—Condon integral.s are calculated numerically

for various possible choices of the bond angle and bond distance for 03~~

The experimental data to be fit are

a.-
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[F(100*- 000)/F )
2 

1.45 (10)

[F(200 -.- 000)/r J
2 

= 1.84 (10)

[F(300-~- 000)/F )
2 

= 1.32 (10)

F’ F(000+ 000)

where the peak heights were obtained from Fig.  2 by f i t t i n g  the spectra

with gaussian peak shapes.  U n f o r t u n a t e l y  It  tu rns  out that given the

experimental u n c e r t a i n t y  in the peak 1mei ~ h t s  and the u n c er t a in t y  in the

input to the normal mode analysis of 0
3 

we c annn t  pi npo in t  an r
e, ne

for 03~~ but rather we can find a locus of re, ne points that does a

reasonable job of fitting the data. These points range smoothly between

(re = 1.36 A , 
~~ 

= 118° ) ,  (r
e 

= 1.38 ~~, ci 1l6~°), (r = 1.40 A , ci~~ = 115°),

(r — 1.42 A, ~ = 114°) and extend somewhat on either side of this line.

It is expected from molecular orbit- i arguments that the bond length of

a 
0
3 

is greater than that of 0
3 
(1.27 A) and the bond angle is less than

that of 03 
( 117°). Cederbaum et al. 33 ca lcula te  t ha t  the bond length

of 03 increases by 0.10 A and the angle decreases by 3.6° upon electron

a t t a chmen t .  The matr ix  data gives the bond angle of 0
3 

to be

108 ± ~ 
15 and 110 ± 5°. Andrews and Spiker

17 
estimate the 0

3

bond length to be 1.38 ± 0.04 A by comparing the stretching force

constant of 03 from their matrix work to the bond lengths and force

constants for 0
2 

and 0~~. We find a relationship between allowed re

and dictated by the Franck—Condon analysis which is approximately

Ue — (210.5 degrees — 68. degrees/Kxr~ ) ± 1°.

-
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C. Photod i.ssociation of 0
3

Experimentally we find that first photodetachinent transltior.s are

suppressed by a factor of 20—100 for 2~ processes and by a factor of 3—20

for 20 processes , compared to analogous v
1 

transttions. Second ,

photodissociation dominates detachment .

The photodissociation data suggest that the “misslng~’ Intensity in

the  ph ot ode tachment  cross sec t ion  appears  as threshold features in

photodissoclation. This observation leads us to I m a gin e  t hat  V
2 

of an

intermediate state is ei ther  along the dissociating coordinate or promotes

to a dissociating stdt C.

The valence con f i gura t ion  of 03 in C2 symme try can he

represented by 45 (3a 1
) 2 (2b 2

) 2 (4a 1
) 2 (5a 1

) 2 (1b 1
) 2 (3b 2 ) 2 (4b 2

) 2 (6a 1
) 2 (182

) 2 (2b 1
) 1

,

where 81. 8~~ , b
1 
and b2 

are the s tandard  i r r e du cib l e  represen ta t ions  of

C2 and the c oef f ic i e n t  orders the occurrence of orbitals of the same

symmetry . The ground state as w r i t t e n  abov e has overall e].ectronic

symmetry of 
2
8

The two lowest excited electronic state which may be Involved in the

photodissociation process both i n v o ]v -  e lectron promotion into the half

filled 2b 1 orbi ta l:

03 
2
A
2 

. . •  (4b 2
) 2 (6a 1

) 2 (1a 2 )~~(2b 1
) 2

03 
2B~ + liv -÷ or

03 A
1 

(4b
2
)
2
(6a

1
)~~(la2)

2
(2b

1
)
2 

.

Cosby at a1.,~ in their study of 03 photodissociation, assign the

dissociating state to be one of the above states. As Zare and coworkers

have pointed out in a discussion of CL02 ,
46 

which is isoelectronic with

— ‘ —  -- -_.- —
~~~ 

- -~~
_

~~~~~~~~~~~~~~ - _ - _~_ 4~~~~~
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putting electron density in the 2b1 
orbital simultaneously promotes

bending of the terminal oxygens and weakens bondings to the central atom.

This is due to nodes between the central atom and terminal oxygens but

no node between terminal oxygens In the 2b1 
orbital. This suggests that

v
2 
bending leading to formation of 02(

3Eg) from the terminal oxygen of

03 and 0 (2P) from the central oxygen might be a reasonable model for

03 
photodissociation .

If dIssociation indeed occurs by elimination of the central 0 , forming

02 by joining together the two terminal 0 atoms, we may be specific about

the electronic symmetry of the states involved . As noted above, we expect

the di ssociating state to be either 2A2 or 2A1. The products are

O (2P) and °2 
(3
ç). If the dissociation occurs in the manner suggested ,

overall C2,, symmetry is retained, and we can examine the possible product

symmetries in this group . In thi s way we can determine which of the states

of 03 
caji dissociate to 0 + 0~ . The 0 auiuu has either 2A1, 

2
B1, or

symmetry, while the 02 molecule has 
3A2 symmetry (the molecule is oriented

with the C2 axis passing perpendicularly through the diatotnic molecular

axis). Thus only three overall doublet symmetries can results from this

dissociation: 2A2, 
2B2, a~id~ 

2~ This excludes the choice of a 2A1 state

as the precursor of these products, and the only likely state for dissociation

is the 2A2.

An interesting consequence of the above model and demanding conservation

of orbital symmetry is that a cyclic ozonide species , however transient ,

must exist along the dissociation path . This arises from 0
3 having eight

electron s of a
1 symmetry snd 8ix electrons of b2 symmetry in its valance

shell while the combination of 02( E
8
) + 0 ( 2p) has a total of ten electrons



of a
1 

and four electrons of b
2 

symmetry in the valence shell. ~~

symmetry , th at  of c y c l i c  ozon ide , a1 and b 2 o r hi t a ls  can become degenerate

and mix , allow i ng the photodissoclat ion fragments to leave with the proper

number of electrons of each symmetry .

Zare and coworkers l ikev i~ e p red ic t  centra l  atom attack by incoming

46alkaline earth meta ls on excited Ci02. They picture an electron jump

f rom the metal atom to Ct02 
that fills the 2b1 orb ital , facilitating

the attack of the central CR by the incoming metal cation. We note that

Jacox and MIIIigan ,44 in somewhat the reverse exper iment , produced 03
18— 18

in an argon/02 
matrix w it h  a source of 0 from enriched N2 0+metal +

uv light. They foun d su b s t a n t i a l  amounts of o16o18o16 , but interpreted

this as end—on attack of 18~
_ 
+ 

16
02 

followed by photodissociation ,

scrambling , and recombination . Recent results of Heisels and coworkers47

on photoioni~atton of SO2 shows that bending quanta transitions which

should result in excitation of S0
2~ Instead produce S~ .

While the model presented to  exp lain 0
3 

photodissociation fits

nicely in to  a consistent  p a t t e r n , it may be that  vibrations promote

dissoc iation along the asymmetric coordinate. The 2
0 

photodetachment

transitions are unexpectedly weak for this model and not all 2~ n ,m 0

transitions have been found in the photodissociation spectrum. In

addition, the symmetry labels of the electronic orhitals are not rigorous

and the exact dynamics of the photodctachment/photodiasociation process are

not well understood; ther efore the process 0
3 

4 1w - 0~ + 0 need not

conserve orbital geometry . It is possible that V 2 then only provide s

either a coupling or a facile geometry for dissociation in the asymmetric

coordinate.

:~~.
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Neither model , us presented so far , explains why neutral (a3(v
2
)

quantum numbers and frequencies should provide a convincing description of

03~ phot odissociat ion , or why phutodissociation dominates photodetachmcnt.

Although the exact description lies hurled in the quantum descript ion of

the photodetacbment/photodissoclation process , a starting point Is to

consider that upon absorption of a photon, 0 Is excited to a complex

state 03 
2B1 + 1w 

-
~~ (0

3 
+ e) 2A 2 . The complex can be viewed as arising

from the ability of the electron to make large excursions from the nuclei

before the  nuc lei react to the abnorptlon of the photon. For example .

conside r the  si tuat ion where the photodissociation and the photodctachment

channels are both closed and for the case of photodetachment the energy is

only slightly below threshold. The electron can then  make a large

excursion from the nuclear frame before Its kinetic energy is overcome

by the attractive potential of the system. (Sec Ran and Fano
48 

and

references therein for complex formation in the case of photod ct achment

from atoms.) The further the electron is removed from the core 03~ 
the

—C
more closely the vibrational frequencies should resemble 03 rather than 03

Given the difficulties In determining the detailed dynamics of a

complex system the best that can be said about the photodetnchmcnt f

photod issociat ion process in 03 Is the following. 0
3 

absorbs a photon

03 ( 
~~~ 

+ hv -t (0
3 
+ e )

to a complex ~f 
2A symmetry , There are two competing channels for the 03

complex , detachment and dissociation

0 (
~
*)+. :

03
( A

2
)
~~

— 
02 ( E )  + 0 (2P) .

~ 

~~
-
~~~~~~

- : -  — 

~~~~~~~~~~~~~~~
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Dissociation is Cast compared with photodeta chment and might  ei ther

proceed or be aided by motion , other than zero pt , in the bending

coordinate of the neutral— l ike spec ies.

D. Excited electronic states

In the previous section we invoked the existence of a 2A2 excited

electronic state of 0
3 

to explain the dissociation of the ion into

02 
+ 0. This state was implicitly assumed to be very short lived on

the time scale of our experiment. Long lived excited states of the ozonide

ion , which for us means r > 5 118cc , would appear as peaks of high electron

kinetic energy in the photoelectron spectrum. We see no evidence for

such a state. Cosby et al.5 in their study of the photodissociation of

03 assign feat u r e. in their spectra to the state we would assign as 2A2.

Tiernan and coworkers find evidence for vibrational excitation of the

ozonide ion . 4 In their experiment , different  thresholds were observed

for the collision induced dissociation of 03 
depending on the mode of

production of the ion. Their ion flight time implies lifetimes on the

order of several microseconds or greater . The greatest excitation wa s

produced by electron impact on mixtures of 0
3 and N20, whereas the ground

state was formed using mixture, of 03 and 1120. N20 is here 
primarily a

source of 0 and thus our p reparat ion of 03 from “neat” ozone is most

closely analogous to Tiernan’s excited state production scheme. The reason

for the different degrees of excitation is not at all obvious . If we had

produced substantial populations of an excited state of 03 with a lifetime

of 10 psec we probably would hays observed it in the photo electron experiment ,

since approximately 30 isec elapse between ion formation and interaction

with the laser beam.

- _ 
- - - - -  ~~~~ - ~~~~~~~~~~ ~~~~~ ~~ ~~~
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The excited state of neutral ozone that we find in the UV photo—

electron spectrum is perhaps 0.7 to 1.1 eV (6000—9000 cm~~) above The ground

state. While we can make no assignment of the few indistinct peaks observed ,

it appears that the peaks associated with detachment to this state are more

closely packed than can be explained by a progression in the symmetric

stretch alone. It is likely that here a v2 progression is responsible for

the “extra ” peaks.

The calculations on the D3h state of neutral ozone at the present

time put the state at quite d i f fe ren t  energies . Burton and Harvey 21

predict it to be 0.2 eV above the ground state, Hay et al.22 ’23 at least

1.4 eV above , Wright~~ 2 eV below , and Shih et a1.
1
~ 0.65 eV above the

groun d state . There are other C excited states of 0 that are also2v 3

possible candidates including a low—lying (1.0—1.4 eV) 3B2, 
22 ,50 

which is

not optically accessible from the ground state.

_  

I
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V. SUMMARY

-We have measured the electron affinity of ozot~e EA(03) — 2 . 1 0 2 8 ( 2 5 )  eV ,

and the symmctrtc stretching and bending frequencies of the ozonide ion

to be 982(30) cm~ and 55fl(~0) cm~~ , respectively. Two d imenslonaJ h~rnion -lc

Franck—Condon analysis gives the bond length of the negative ion to be greater

and the angle to be slightly less than that of the neutral. While no evidence

was found for a long lived excited electronic state of the n~onide ion ,

a new excited electronic state of neutral ozone is revealed perhaps

0.7 to 1.1 eV above the ground state. The tack of a strong hending mode

in detachment suggests a dfssoclatir.g mechanism whereby 03 
d1ssocIate~

to 0
2 
+ 0~ via the bending coordinate. Attempts to measure the electron

af f in i ty  of co3 were unsuccessful.
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Table 11. V1biation.-~1 frcquenclt-s of 03 and

,,. s.a .‘.aa. S. -,.a.a W S .  .4 fl ’,r W’t e . . . -. .-.sr-. -a-. .-. , . r . t ea  sS t .w  . ~Sa . . .e .-a

Vibrational Frequency Reference

symmetr ic st r e t ch  of neut ral ozone (cm ’)

1100(30) photodetachment (present study)

1090(30) photoelectron (present study)

1103.15 15,16 infrared spectra

Symmetric bend of neutral ozone (cm m
)

720(40) pht to tk - s tru c t  ion & photodet ~ichment
- (present s t u dy )

700.96 15,32 infrared spectra

Symmetric stretch of the ozonide ion (cm 1
)

a982(30) photodetachrnent. (present study)

1040(60) photoelectron (present stud )

790(50) or 928(50) 5; photodissociation

1012—1026 17; matrix Rainan spectra

1012—1032 18,19; single crystal Raman spectra

Syumietric bend of the ozonide ion (cm m)

550(50)a photodestruct ion (present study)

419(20) or 403(20) 5; photodissociation

587—619 51; matrix infrared spectra

~~~~~~~~~~~~ values
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Tab le Ill.. Electron a f f i n i t y  of ozone

fl ~~~~~ e-e.. - p s-a a-. a. n-s an.-v- a . a _e— r~ - p - p S t  t V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Electron Affinity (eV) Reference

2.lO28(2S)~ photodetachment (present study)

2 .103(20) photoelectron (present study)

1.99(10) 9; photodetachment

�1.82 2; (“ t rue ” lower limit)
reactive thermochemical
equ il ib r i a  In a flowing
afterglow

�2.26 3; (lower limit) endothe•rmic-
charge t ransfer

2.1(1) 10; pliotodctachment

2.14(15) 34; collisional, ionization

�l.96 37; (lowe.r ltu~-Lt) endothermic
charge transfer

1.9(4) .35; lattice energy

2.12 36; C.I. calculation
vertical electron affinity

2.2(1) 4; translationa] energy
threshold for bond
dissociation

0-ur reconmiended value

I S
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fl(URE CA~T10NS

Fig. 1. Photoelectron spectrum of 03 .  The photon energy is 2.540 eV

(488 nm ). The peak labeled 0—0 Is the vib~~iiL ona]. origin , and

the vibrational notation Is defined in the text . The large peak

at 1.07 eV is due to 0 detachment , the 0 being produced by

photodissocia tlon of 03 .

Fig. 2. Photoelectron spectrum of 03 . The photon energy is 3.407 eV

(363.8 nm). The progression from Fig. 1 is further developed .

There are also a series of vibrationally unassigned peaks at

low electron kinetic energy that are due to a new electronic

state of neutral ozone.

Fig. 3. Photodestruction (upper curve) and photodetachment spectrum

(lower curve) of O
3~~ 

The relative scales of the two cross

sections are obtained from the absolute count rates of neutrals

and electrons and from an estimation for the relative eff iciencies

of the two detectors and should be taken as an approximation only .

The vibrational notation is defined in the text. The features

l~, 0—0, l~, l~, 2~ and l~ are assigned from the photodetachment

cross section; 2~ is placed at the position expected on the

basis of known frequencies.

Fig. 4. High resolution photodetachment cross section in the region of

the vibrational origin (Electron Affinity of ozone). The laser

linewidth is 1.3 cmn~
1.

Fig. 5. Low resolution photodestruetion (upper curve) and photodetachment

cross sections. The electron extraction field is set low so as to

detect only very low energy electrons. This allows us to bring out

the weak feature 2~ in the photodetachment curve not seen in Fig. 3.
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